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COMPARISON OF FLIGHT-MEASURED HELICOPTER ROTOR-BLADE 

CHORDWISE PRESSURE DISTRIBUTIONS WITH STATIC 

TW 0- DIMENSIONAL AIRFOIL CHARACTERISTICS 

By James Scheiman and Henry L. Kelley 
Langley Research Center 

SUMMARY 

The blade section normal-force coefficients and centers of pressure of a helicopter 
rotor blade for two extreme flight conditions' were compared with measured static two- 
dimensional airfoil characteristics. The two extreme flight conditions explored in detail 
were trim, level flights to obtain blade stall and high blade Mach numbers. Other trim- 
level-flight conditions were also studied. 

A comparison of flight-measured characteristics and two-dimensional characteris- 
tics showed agreement over most of the rotor disk, but significant differences were found 
in certain regions on the rotor disk. These differences were largely confined to regions 
of high normal-force coefficients and, to a lesser degree, to regions at the advancing 
blade tip where Mach number effects were present. Possible causes of the differences 
are oscillating airfoil characteristics, preceding blade tip vortex effects, spanwise or 
yawed flow on the blade, and nonuniform velocity gradients ahead of the blade section. 

INTRODUCTION 

Rotor-blade dynamic loads are one of the major helicopter problems with respect to 
structural fatigue and acceptable fuselage vibration levels. The ability to predict these 
loads with reasonable accuracy has long been an objective of the helicopter industry. 
Assumptions which are  entirely adequate for performance theory are  not dependent upon 
a precise knowledge of rotor-blade loads. For an adequate structural dynamic analysis, 
however, a precise knowledge of the rotor-blade loads is necessary. One aspect of the 
airloads problem is the degree of validity of steady-state two-dimensional airfoil data to 
satisfactorily predict blade loads from calculated inflow velocities. 

In the past, an absence of experimental information on periodic blade loading has 
been the major impediment to the derivation of a satisfactory airload-prediction theory 
and to the application of accurate limitations to the theory for trim-level-flight conditions. 
To help f i l l  this gap, the National Aeronautics and Space Administration flight-tested a 



single rotor helicopter equipped with extensive instrumentation which included numerous 
rotor-blade pressure transducers, motion pickups, and strain gages. With these flight 
data, a comparison can be made of the flight-measured and two-dimensional chordwise 
pressure distributions and the degree of validity of steady-state two-dimensional airfoil 
data to satisfactorily predict blade loads can be determined. 

In this report, the blade section normal-force coefficients and centers of pressure 
for trim-level-flight conditions are discussed. Two trim-level-flight conditions are 
explored in detail to determine the effects of blade stall and Mach number. Normalized 
chordwise pressure distributions for these flights a r e  presented. Other trim-level-flight 
conditions are sampled and the results are discussed. Portions of the data a re  compared 
with full-scale two-dimensional data by equating the two normal-force coefficients 
obtained at the same flight section Mach number. The specific purpose of this report is 
to compare the two-dimensional chordwise pressure distributions with the corresponding 
flight-measured distributions, The two-dimensional airfoil characteristics referred to 
herein are static two-dimensional characteristics as distinct from oscillating (unsteady) 
two-dimensional characteristics. 

This study is an extension of the original work reported in reference 1. 

SYMBOLS 

The units used for the physical quantities defined in this section are given in both 
the U.S. Customary Units and in the International System of Units (SI). (See ref. 2.) 

a lift - curve slope 

b number of blades 

C blade section chord, inches (meters) 

section lift coefficient c1 

- mean section lift coefficient cl 

CN 
1.0 

normal-force coefficient, Io (+) d(5) 

I mass moment of inertia of blade about flapping hinge, slug-feet2 
(kilogram -meter s2) 

*P pressure difference between upper and lower surfaces of blade, 
pounds force/incha (newtons/meter2) 
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M blade section Mach number 

dynamic pressure, -pU 1 2  , pounds force/inch2 (newtons/meter2) 2 4 

r distance along blade-span axis measured from center of rotation, inches 
(meters) 

R rotor-blade radius measured from center of rotation, inches (meters) 

component at blade element of resultant velocity perpendicular both to blade 
span axis and UT, feet/second (meters/second) 

component at blade element of resultant velocity perpendicular to blade span UT 
axis and to axis of no feathering, feet/second (meters/second) 

V true airspeed of helicopter along flight path, feet/second (meters/second) 

X distance along blade chord measured from leading edge, inches (meters) 

chordwise distance from leading edge of blade to center of pressure, inches 
CP 

X 

(meters) 

a! 

5 3  

Y 

P 

El. 

rotor-blade section angle of attack, degrees 

rotor angle of attack; angle between axis of no feathering (that is, axis about 
which there is no cyclic-pitch change) and plane perpendicular to flight path, 
positive when axis is inclined rearward, degrees 

pacR4 blade Lock number, - 
I 

mass density of air, slugs/feet3 (kilograms/meters3) 

v cos CYs 
rotor tip-speed ratio, 

C2R 

bc rotor solidity, - 
?TR 
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rc/ azimuth angle of rotor blade without any lagging motion, measured in direc- 
tion of rotation from downwind position, degrees 

Q rotor angular velocity, radians/second 

\ Subscripts: 

max maximum 

min minimum 

APPARATUS 

Test Helicopter 

A photograph of the single rotor helicopter used in this investigation is presented as 
figure 1 and the pertinent helicopter characteristics a re  given in table I. 
tem had four fully articulated blades with offset flapping and lagging hinges. The rotor 
was  modified only to the extent necessary to instrument one blade. 
edge tab provided aerodynamic balance for the blade. The tab deflection was  measured at 
the spanwise pressure stations 2 and was  found to have zero deflection except for a 

R 
4O upward deflection at -E = 0.85 and 0.90. R 

The rotor sys-  

A full-span trailing- 

Instrumentation 

Forty-nine pressure transducers were used in the test rotor blade to measure dif- 
ferential pressure. These transducers a re  the NASA miniature electrical pressure gages 
described in reference 3. Each gage measured the difference in pressure on the top and 
bottom surfaces of the blade. The gages were mounted in such a way that centrifugal 
force and flapping accelerations could not materially affect the accuracy of the gage out- 
put. To check these effects, the pressure orifices were sealed with tape and the rotor was  
operated. The location of the pressure orifices on the blade is shown in table II. The 
electrical output from all the pressure transducers was recorded simultaneously on 
oscillographs through a 160-contact slip-ring assembly. In addition, the slip rings per- 
mitted simultaneous recording of blade flapwise bending, chordwise bending, torsional 
moments, and the blade pitching, flapping, and lagging motions. The flight parameters 
were obtained by means of standard NASA recording instruments having synchronized 
time scales. 
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DATAREDUCTIONANDACCURACY 

Flight Data 

Each pressure data point used is an average of three oscillograph data points 
recorded in three consecutive rotor revolutions. Selected portions of the oscillograph 
film were read and transcribed to punch cards by the use of semiautomatic film reading 
equipment. These cards were then processed through an electronic digital computer and 
the final results tabulated. Questionable data points were checked by hand reading. 

An analysis of the overall system er rors  indicated that the largest e r rors  in the 
data were introduced during the actual reading of the time histories. The reading accu- 
racy of each data point is highly dependent upon the amplitude, frequency, and the repeat- 
ability of the oscillograph trace. The high-amplitude, high-frequency records were the 
most difficult to read. The estimated reading accuracy of the difficult-to-read data points 
is *3 percent with 99.7 percent confidence and *2 percent with 95 percent confidence. A 
more detailed discussion of the data reduction, accuracy, and dynamic gage characteris- 
tics may be obtained from reference 4. 

Static Two-Dimensional Data 

The two-dimensional airfoil characteristic data used for comparison with flight 
results are presented in reference 5. The tunnel test model was an untwisted full-scale 
section of the helicopter rotor blade instrumented with pressure gages at 15 chordwise 
stations, The span was 32.70 in. (83.06 cm). The tests were conducted over a Mach 
number range from 0.3 to 0.8 and a corresponding Reynolds number range from 1.4 X 106 
to 3.8 X 106. The corrected section angle of attack varied from -4O to 260 for a Mach 
number of 0.3 and from -4O to 5O for a Mach number of 0.8. Tunnel tests were per- 
formed on a section with a Oo tab deflection and a section with a 30 tab deflection. 

Method of Comparison of Flight and Two-Dimensional 

Chordwise Pressure Distributions 

The flight and wind-tunnel chordwise pressure distributions are compared on the 
basis of equal normal-force coefficients equal areas under the curves of 9 as a func- 
tion of :) and equal Mach numbers. Thus, the cohparison is independent of actual sec- 
tion angle of attack. The normal-force coefficients were determined by dividing the blade 
section loading by the respective dynamic pressure of the coefficients. The flight 
dynamic pressure was determined from the velocity U which was computed by assuming 
a rigid blade and a uniform inflow that was compatible with the test helicopter lift and drag 
requirements. Figure 2 is a diagram of the rotor blade element in forward flight and 

( 4 
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shows the pertinent angles and velocities relative to the control axis. The blade section 
loading flight data were determined by numerical integration of the differential pressure 
data. 

Since the blade is a modified NACA 0012 section and the two-dimensional wind- 
tunnel test data are limited to a minimum Mach number of 0.3, it was assumed that the 
two-dimensional pressure distributions were constant between 0.15 2 M 2 0.3 and that 
the two-dimensional normal-force coefficients were constant between 0.08 2 M 2 0.3 
and were the same as those for M = 0.3. 

PRESENTATION OF CHORDWISE PRESSURE DATA 

The chordwise pressure distributions for the two flight conditions are presented in 
figures 3 and 4. 
distributions is presented in figure 5. These pressure distributions a r e  normalized by 
dividing by the respective normal-force coefficients. 

For comparison purposes, a sample of the two-dimensional pressure 

Flight To Obtain Blade Stall 

The normalized chordwise pressure distributions for the flight condition to obtain 
This flight was made with a near-minimum rotor blade stall are presented in figure 3. 

rotational speed of 193 rpm and a tip-speed ratio of 0.23 and was performed with the 
expectation of producing local blade section stalling. The advancing blade tip Mach num- 
ber was  0.64. 
(zero q), three of the plots are blank. A tabulation of the flight data used to obtain fig- 
ure 3 is available in table IV of reference 6. 

Because of the proximity to the reversed-velocity region boundary 

Flight To Obtain High Blade Mach Numbers 

A tabulation of the flight test data used to obtain the normalized chordwise pressure 
distributions in figure 4 is available in table 20 of reference 4. 
obtain high advancing blade tip Mach numbers by operating at a near maximum rotor rota- 
tional speed of 246 rpm with a tip-speed ratio of 0.25. 
number was 0.9.  

This flight was made to 

The advancing blade tip Mach 

Sample Two-Dimensional Wind-Tunnel Data 

A sample of the static normalized two-dimensional wind-tunnel chordwise pressure 
distributions obtained from reference 5 is presented in figure 5. The normal-force coef- 
ficients for these data were determined by mechanical integration of the area under the 
respective curves of - as a function of c .  AP X 

4 
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ANALYSIS AND DISCUSSION 

The results a r e  presented and discussed in three sections: (1) normal-force coef- 
ficients, (2) sample chordwise pressure distributions, and (3) chordwise centers of pres- 
sure. The rotor areas  considered were not carried inboard of 5 = 0.40 to avoid areas 

R 
of the disk with low dynamic pressures. Also, rotor areas outboard of = 0.95 were 
not considered because of uncertainties created by the presence of the blade tip. The 
comparisons of all pertinent flight and static airfoil data a r e  presented. This presenta- 
tion is followed by a discussion of possible reasons for differences in the data. 

R 

Normal- Force Coefficients 

The normal-force coefficients for the two trim-level-flight conditions (flight to 
obtain blade stall and flight to obtain high blade Mach numbers) a r e  presented as contour 
plots in figures 6 and 7. For convenience, a plot of normal-force coefficient as a function 
of angle of attack, based on two-dimensional wind-tunnel tests (refs. 5 and 7), is provided 
in figure 8. In this figure the normal-force coefficients from reference 4 were obtained 

*P as a function of - by mechanical integration of the curve of - 
(4 

X 
C '  

Flight to obtain blade stall.- The normal-force coefficients for the flight to obtain 
blade stall are presented in figure 6. Note that some of the normal-force coefficients are 
above those predicted from two-dimensional data (see fig. 8 where the maximum unstalled 
CN is 1.30). 

Figure 9 indicates areas on the rotor where flight and two-dimensional chordwise 
pressure distributions differ. This plot is for the same flight condition presented in fig- 
ures 3 and 6. The dotted region in figure 9 indicates the area where the flight normal- 
force coefficients are above the two-dimensional stall value (CN > 1.30). The checkered 
region in figure 9 indicates the area on the rotor where the flight and two-dimensional 
chordwise pressure distributions differ. 

Mach number divergence can be encountered on the retreating side of the rotor at 
relatively low Mach numbers if the section angle of attack is high enough. Therefore, the 
standard NACA definition of lift and drag divergence (ref. 8) was applied to this flight for 
the area of disagreement shown in figure 9, and no divergence was indicated. Also shown 
in this figure is the tip path of the preceding blade (900 ahead of the instrumented blade) 
which gives an approximate location of the resulting leading blade tip vortex. The tip vor- 
tex is known to produce a strong contribution to the nonuniformities of inflow (ref. 6). 

Flight to obtain high blade Mach numbers.- The normal-force coefficients from the 
flight to obtain high blade Mach numbers a r e  presented in figure 7. Figure 10 indicates 
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areas  on the rotor where flight and two-dimensional chordwise pressure distributions do 
not agree. 

A Mach number divergence analysis was made of the advancing side of the rotor. 
In figure 10, lift divergence was indicated over a rotor area slightly smaller than the area 
showing differences between flight and two-dimensional pressure distributions. 
interpolation was used for the high Mach numbers to obtain the two-dimensional pressure 
distributions. Lift divergence in the same area as the disagreement in distributions sug- 
gests the possibility that the linear interpolation technique used at the high Mach numbers 
may have been inadequate and may have actually introduced the disagreement noted. It 
should also be noted that the area of chordwise pressure disagreement concerns only the 
shape of the chordwise distributions and that the presence of this area does not necessar- 
ily indicate whether Mach number effects a re  more, o r  less, serious than would be pre- 
dicted from two-dimensional data. . 

Linear 

Sample Chordwise Pressure Distributions 

Flight-measured pressure distributions are compared with the corresponding two- 
dimensional pressure distributions in figures 11 and 12. The associated two-dimensional 
section angles of attack determined by linear interpolation are also indicated in the fig- 
ures. When more than one two-dimensional curve was possible, they are presented. 
When the flight CN value was greater than the unstalled two-dimensional CN value, no 
two-dimensional data are presented. The azimuth position and radial station at which the 
comparisons in figures 11 and 12 are made are indicated by symbols on the CN contour 
plots of figures 6 and 7, r*espectively. 

Flight to obtain blade stall.- The samples of chordwise pressure distributions, 
shown in figure 11, are from the flight where blade section stalling was expected. The 
rotor areas where flight and two-dimensional pressure distributions differ in figure 9 can 
be separated into three distinct regions: 
pressure distribution is similar to that of an unstalled two-dimensional section, (2) the 
area where the flight CN > 1.3 and the pressure distribution has no comparable two- 
dimensional distribution, and (3) the area where the flight CN <: 1.3 and there is no com- 
parable two-dimensional pressure distribution. Samples of the pressure distribution for 
the first area are shown in figure ll(a) at q = 195O and in figure l l(b) at q = 210°, 225O, 
and 240°. Typical pressure distributions for the second area are shown in figure Il(a) at 
I&= 2100, 225O, 2400, and 2550 and those for the third area are shown in figure l l (a )  at 
tc/ = 2700 and in figure ll(b) at I) = 270° and 285O. 

(1) the area where the flight CN > 1.3 and the 
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The flight-measured pressure distribution shown by the circles in figure ll(d) is 
typical of that of a stalled section, The correlation with the two-dimensional data shown 
in figure l l(d) at angles of attack in the vicinity of stall is only fair. 

Flight to obtain high blade Mach numbers.- Samples of the chordwise pressure dis- 
tributions, shown in figure 12, are from the flight where blade Mach number effects were 
expected. In figure 12(c) from I& = 300 to  1350 is the region in which the flight CN < 1.3 
but for which there is no comparable two-dimensional pressure distribution. However, 
this region is in an area where lift divergence is indicated and linear Mach number inter- 
polation of two-dimensional data is expected to introduce errors.  

Centers of Pressure 

Differences between flight and two-dimensional airfoil characteristics discussed 
previously also have an influence on the prediction of section aerodynamic pitching 
moments. The variation of two-dimensional center of pressure with section angle of 
attack is shown in figure 8, where the centers of pressure from reference 5 a re  based on 
the external balance measurements. 

Figures 13 and 14 present blade section center- of-pressure contour plots deter- 
mined from flight data. Center-of-pressure data inboard of = 0.40 and outboard of 

= 0.95 are not shown because of the low dynamic pressures and tip effects, 
R 
respectively, 

R 

Flight to obtain blade stall.- Contour plots of the center of pressure for flight with 
expected blade stall are presented in figure 13. Lines of constant centers of pressure are 
shown in figure 13(a). Areas are indicated in figure 13(b) where the center of pressure is 
forward of the 21-percent-chord point and aft of the 30-percent-chord point. It should be 
noted in figure 8 that centers of pressure for two-dimensional data do not move forward of 
the 21-percent-chord point and that angles of attack above 14O are required to obtain cen- 
ters of pressure aft of the 30-percent-chord point. Typical chQrdwise pressure distribu- 
tions for the rotor area with the center of pressure aft of the 30-percent-chord point can 
be seen in figure ll(a) from I& = 2100 to  2700 and in figure l l(b) at J/ = 2700 and 2850. 
Typical chordwise pressure distributions with center of pressure forward of the 21- 
percent-chord point can be seen in figure l l (c)  from 1c/ = 60° to 1200. Even though these 
centers of pressure are farther forward than those for the two-dimensional data, the 
chordwise pressure distributions, as such, were judged to have reasonable agreement. 

Flight to obtain high blade Mach numbers.- Contour plots of the center of pressure 
for flight to obtain high blade Mach numbers are presented in figure 14. Lines of constant 
center of pressure are shown in figure 14(a), Areas of the rotor where the center of pres- 
sure  is forward of the 21-percent-chord point and aft of the 30-percent-chord point are 
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indicated in figure 14(b). Typical chordwise pressure distributions with the center of 
pressure forward of the 21-percent-chord point can be seen in figure 12(c) from 

= 300 to 1350. 

0 the r Trim - L eve1 - F1 ight C ondi t i ons 

A less  thorough study of several other trim-level-flight conditions was made to 
explore rotor areas  where the flight normal-force coefficients were greater than the two- 
dimensional stall values. The results for six flight conditions, all of which have a tip- 
speed ratio greater than 0.2, are shown in figure 15. These plots are listed in the order 
of increasing forward speed and decreasing mean lift coefficient. The dotted areas shown 
in figure 15 correspond to the areas of two-dimensional chordwise pressure disagreement 
described by the dotted areas  in figure 9, namely where CN > 1.3. Also shown is the 
area where CN > 1.6. For all conditions presented, this area of disagreement is in the 
third rotor azimuth quadrant and includes the preceding blade- tip-vortex trajectory. 
Other trim-level-flight conditions for a tip-speed ratio of less  than 0.2 were plotted and 
all normal-force coefficients were found to be less  than 1.3. 

Probable Factors Affecting Correlation 

It has been shown from flight measurements that the pressure distributions over a 
portion of the rotor disk do not agree with the corresponding two-dimensional airfoil pres- 
sure distributions for the specific flight conditions studied. 
explanation for these differences is not available at the present time, a discussion of some 
probable causes is desirable. 

Even though a complete 

The airfoil characteristics of a two-dimensional airfoil oscillating in pitch have been 
available for many years. (See refs. 9 to 14.) High rates of change of angle of attack a re  
known to increase the unstalled angle of attack to values above the two-dimensional stall 
value. This effect can be seen in figure 16. Although the peak-to-peak two-dimensional 
values of CN for an oscillating airfoil do not agree with static two-dimensional data, 
there is usually no net gain in the mean CN between C N , ~ ~  and CN, 
this effect is not expected to have any significant effect on rotor performance calculations. 
An example of the high rate of change in angle of attack from flight data can be seen in 
figure 6. Between 6 = 0.55 and 0.75 and + = 180° and 210°, the rate of increase in 
angle of attack is estimated to be about looo per second or lo per 3 blade chords based 
on the measured rate of change in normal-force coefficient. 

; therefore, 

At present, it is believed that in the regions in which CN > 1.3 and the pressure 
distribution is similar to that of an unstalled two-dimensional section the difference can 
be attributed to rapid increases in angle of attack. In rotor regions where there are no 
comparable two-dimensional pressure distributions, regardless of the magnitude of CN , 
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the difference is probably being introduced by airfoil characteristics like those found on 
the back side of the "hysteresis loop" and resulted from oscillating airfoil effects. How- 
ever, a positive conclusion is not possible because of an insufficiency of chordwise pres- 
sure distribution data for oscillating airfoils. The rapid increase in angle of attack can 
be attributed, at least in part, to pitch-angle change and/or inflow-velocity changes that 
can be caused by the tip vortex of a preceding blade. The path of the tip of the preceding 
blade, which represents the approximate location of the tip vortex, is shown in figures 9, 
10, and 15. The location of the tip vortex relative to the areas of high CN indicates 
that tip vortex effects may be present, 

In figure 9 the path of the tip of the preceding blade (approximate tip vortex location) 
crosses the blade section path at 2 = 0.85 and at + = 110'. It can be seen in figure 3 
for 
tion from II/ = 90° to 120'. Also, in figure 9 the preceding blade tip path crosses 
X- = 0.75 at II/ = 130° and becomes tangent to = 0.55 at IC/ = 205O. An example of R R 
the effect of the tip vortex is shown in the flight data of figure 3; for = 0.75 the most 
forward chordwise pressure gage indicates a decrease in pressure from + = 105' to 180° 
and from + = 255O to 330O. These regions a re  in proximity to the path of the preceding 
blade tip. Also, at K. = 0.55 the pressure distributions are greatly distorted from R 
sr/ = 210' to about 3450. 

R 
= 0.85 that the normalized chordwise pressure distribution has a minor distor- R 

R 

Because of compressibility effects on the advancing blade during high Mach number 
flight, the tip vortex effect is more complex. In figure 10 the preceding blade tip path 
crosses K. = 0.85 at + z 105O; the normalized chordwise pressure distribution is 
distorted in figure 4 at = 0.85 from + = 75O to 150O. It is also interesting to note 
the flight-measured normalized pressure distribution in the neighborhood of the reversed- 
velocity region (fig. 4 at = 0.25 from + = 2400 to 3150). Examination of pressure 
data at higher p values indicates similar pressure distributions just inside the 
reversed-velocity region (see, for example, ref. 4, table 16, 17, 18, 19, 21, 22, or 23). 

R 

R 

Another cause of the differences in flight and two-dimensional airfoil characteris- 
tics is the spanwise forces acting on the boundary layer. Typical examples of this phe- 
nomenon, obtained from swept-wing tests, can be found in references 15 to 19. Another 
example, as found in propeller studies (ref. 20), indicated that measured blade-root max- 
imum normal-force coefficients were found to be larger than the maximum static two- 
dimensional values. There are undoubtedly other influencing factors such as shed vorti- 
ces  and nonuniform velocities ahead of the airfoil (ref. 21). 

The differences in flight and two-dimensional airfoil characteristics a re  reflected 
in blade loads. A hysteresis loop would be expected to increase the magnitude of vibra- 
tory forces acting on the blade over those predicted by using static two-dimensional data. 
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However, the resulting effects on the vibratory blade moments or  stresses will vary with 
details of the aerodynamic distributions over the flexible blade. A specific example 
where the hysteresis loop did cause a substantial increase in calculated flap bending 
moments is presented in reference 22. 

CONCLUDING REMARKS 

Chordwise pressure distributions measured in flight on a helicopter rotor blade are 
compared with corresponding two-dimensional airfoil data. Although agreement is the 
rule rather than the exception, significant differences were found in certain regions on the 
rotor disk. In addition, a comparison of the experimentally determined local normal- 
force coefficients and centers of pressure with two-dimensional wind-tunnel data indicates 
some differences for rotor tip-speed ratios greater than 0.2. Oscillating airfoil charac- 
teristics, preceding blade tip vortex effects, spanwise o r  yawed flow on the blade, and 
nonuniform velocity gradients ahead of the blade section a re  possible causes of the differ- 
ences. 
trol system loads predicted from two-dimensional data and uniform inflow calculations. 

These differences will  influence both vibratory blade flapping moments and con- 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 16, 1966, 
721-01-00-29-23. 
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TABLE JJ. - FLIGHT CHORDWISE PRESSURE-ORIFICE LOCATIONS 

. x/c at - 
r/R = 0.25 

0.042 
.158 
.300 
.600 
.910 

r/R = 0.40 

0.042 
.158 
.300 
.600 
.910 

r/R = 0.55 

0.017 
.090 
.168 
,233 
.335 
.625 
.915 

r/R = 0.75 

0.017 
.090 
.169 
.233 
.335 
.625 
.915 

r/R = 0.85 

0.017 
.040 
.090 
.130 
.168 
.233 
.335 
,500 
.625 
.769 
.915 

r/R = 0.90 

0.017 
.090 
.168 
.233 
,335 
.625 
.915 

r/R = 0.95 

0.017 
.090 
.168 
,233 
.335 
.625 
.915 
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TContro l  axis (axis of no feathering) 

\ 

pla te  

Figure 2.- Diagram of rotor-blade element in forward flight showing angles and velocities relative to the control axis. 
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Figure 6.- Local normal-force coefficients for flight to oMain blade stall. 
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0 Point where comparison showed agreement between flight and two-dimensional 
distributions (see fig. 12) 

8 Point where comparison showed disagreement between flight and two-dimensional 
distributions (see fig. 12) 

180° 

0 $ = O  

Figure 7.- Local normal-force coefficients for flight to obtain high blade Mach numbers. 
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0 M = 0.30 (ref.  5) 

M = 0.40 (ref .  5) 

0 M < 0.15 ( re f .  7 )  
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Figure 8.- Two-dimensional airfoil characteristics of a modified (ref. 5) and standard (ref. 7) NACA 0012 airfoil at various Mach numbers. 
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Area where flight CN > 1.3 and the flight 
chordwise pressure distribution is typical 
of an unstalled two-dimensional pressure 
distribution 

. 

= 
memeem, distribution does not agree with 
mme.em. two-dimensional pres sure di s t ri but ion 

a m  Area where flight chordwise pressure 
."."em. 

180' 
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Figure 9.- Areas on the rotor disk where CN > 1.3 and areas where flight and two-dimensional pressure distributions did not agree for 
flight to obtain blade stall. 
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Area where flight C 7 1.3 and the flight 
chordwise pressure %.stribution is typical 
of an unstalled two-dimensional pressure 
distribution 

Area where lift 
divergence is 
indicated 
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B B ~ ~ I  
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C < L 3 ,  but flight 
cgordwise pressure 
distribution does 
not agree with 
two-dimensional 
pressure distri- 
bution determined 
from linear Mach 
number interpolation 
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Figure 10.- Areas on the rotor disk where flight and two-dimensional pressure distributions 
did not agree for flight to obtain high Mach numbers. 
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Figure 11.- Chordwise pressure distributions for flight to obtain blade stall. Comparison with two-dimensional data is  made when possible. 
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Figure 11.- Continued. 
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0 Computed from f l i g h t  data (ref. 6 )  

Two-dimensional a i r f o i l  pressure distribution w i t h  
a t o t a l  loading equal t o  f l i g h t  measured (ref .  5)  
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Figure 11.- Continued. 
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0 Computed from flight data (ref. 4) 

Two-dimensional airfoil pressure 
distribution with a total loading 
equal to flight measured (ref. 5) 
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Figure 12.- Chordwise pressure distributions for flight to obtain high blade Mach numbers. 
Comparison with two-dimensional data is  made when possible. 
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Figure 12.- Continued. 
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Figure 12.- Concluded. 
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180' 
r - = 1.00 R 

(a) Lines of constant centers of pressure. 

Figure 13.- Contour plots showing centers of pressure for flight to obtain blade stall. 
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180' 

270' 

0 J r = o  

(b) Center-of-pressure areas forward of 21-percent-chord point and aft of 30-percent-chord point. 

Figure 13.- Concluded. 
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(a) Lines of constant centers of pressure. 

Figure 14.- Contour plots showing centers of pressure for flight to obtain high blade Mach numbers. 
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270° 

0 q = o  

(b) Center-of-pressure areas forward of 21-percent-chord point and aft of 30-percent-chord point. 

Figure 14.- Concluded. 
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90" 270" 

q=O" 
(a) p=O 20, C1.=0.59; a(1.0,270")' 108" 

(ref 4, table 12). 

180" 

270" 90" 

(b)p= 0.25; FI=0.51; a(1,0,2700)= 11.1' 
(ref4, table 15). 
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Figure 15.- Areas on the rotor where the flight normal-force coefficients are greater than the two-dimensional 
stall value (CN = 1.3) for several trim-level-flight conditions. 
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Figure 16.- Lift  curves for a n  airfoil tested statically at fixed angles of attack and for a n  airfoil for which 
the angle of attack was suddenly increased. 
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